High radiation exposure among male radiologists has been reported to result in a significantly higher proportion of female offspring. This study examined whether work-related radiation exposure was associated with a higher propensity for female offspring among male interventional cardiologists. On behalf of the interventional committee of the Society for Cardiovascular Angiography and Interventions, an Internet-based questionnaire was sent to the society's 2063 members. The 402 male respondents had a total of 518 biological offspring; 48.6% of them were female. Among the 172 high-volume male diagnostic operators (those who performed >300 cases annually), there were 218 biological offspring, of whom 46.8% were female. Among the 59 high-volume male interventional operators, there were 70 biological offspring, of whom 45.7% were female. P values were nonsignificant for all three groups. In conclusion, work-related radiation exposure of male invasive and interventional cardiologists was not associated with a statistically significant preponderance of female offspring.
High radiation exposure among male radiologists has been reported to result in a significantly higher proportion of female offspring. This study examined whether work-related radiation exposure was associated with a higher propensity for female offspring among male interventional cardiologists. On behalf of the interventional committee of the Society for Cardiovascular Angiography and Interventions, an Internet-based questionnaire was sent to the society's 2063 members. The 402 male respondents had a total of 518 biological offspring; 48.6% of them were female. Among the 172 high-volume male diagnostic operators (those who performed >300 cases annually), there were 218 biological offspring, of whom 46.8% were female. Among the 59 high-volume male interventional operators, there were 70 biological offspring, of whom 45.7% were female. P values were nonsignificant for all three groups. In conclusion, work-related radiation exposure of male invasive and interventional cardiologists was not associated with a statistically significant preponderance of female offspring.
A reduced offspring sex ratio, defined as the ratio of male to female offspring or the ratio of male offspring to total offspring, has been hypothesized to be a potential marker of reproductive hazard in paternal subjects (1, 2) . Exposure to varying forms of radiation and toxic substances, including but not limited to electromagnetic radiation (3-6), environmental pollutants known as dioxins (7) (8) (9) , tobacco (10, 11) , metal fumes (12) , and alcohol and lead (13) , has been implicated in reducing the sex ratio. A significantly higher proportion of female offspring has also been observed among male radiologists and male surgeons exposed to ionizing radiation (14, 15) . Changes in the paternal hormonal profile and Y chromosomal damage have been put forward as potential mechanisms for this change in sex ratio (16, 17) . However, data have been inconsistent, and other studies have shown that ionizing radiation in nonmedical fields may not affect the sex ratio (18) (19) (20) (21) (22) .
With the advent of more intricate, technically difficult procedures, it is now thought that cardiologists performing fluoroscopic-guided procedures are exposed to the highest levels of ionizing radiation among those using x-ray technology (23) (24) (25) . Diagnostic or interventional collar-level exposure can range from 0.04 to 0.16 mSv per procedure, and waist-level exposure beneath a 0.5-mm lead apron can range from 0.01 to 0.02 mSv per case (26) (27) (28) (29) (30) (31) . Due to their complexity, interventional procedures expose operators to higher levels of radiation than diagnostic angiography (32, 33) . The aim of this study is to determine if the occupational radiation exposure of male invasive and interventional cardiologists is associated with a higher proportion of female offspring.
METHODS
On behalf of the interventional committee of the Society for Cardiovascular Angiography and Interventions, an Internetbased questionnaire was sent to the society's members. The survey asked respondents about their age, gender, number of years performing angiographic procedures, average annual number of procedures, and number and gender of biological offspring. Participants were also asked to specify the number of diagnostic and interventional procedures performed. High-volume operators were defined as those averaging >300 cases annually. For this study, offspring sex ratio was defined as the ratio of male to female offspring.
Statistical analysis
Data were presented as mean ± standard deviation. Differences in offspring gender ratio were examined using a chi-square test. Statistical significance was assumed with P < 0.05. It was determined that at least 375 offspring were required to detect a 20% absolute difference (odds ratio, 1.2) in the proportion of female vs male offspring given a one-tailed test (alpha, 0.025; power, 80%).
Sex proportion of offspring and exposure to radiation in male invasive cardiologists RESULTS
Questionnaires were sent to 2063 members of the Society for Cardiovascular Angiography and Interventions, with 423 responses (21%). Of the respondents, 402 (95%) were male. The study group's demographics are shown in the Table. There were 518 total biological offspring, of whom 252 (48.6%) were female and 266 (51.4%) were male (Figure) . The calculated sex ratio was 1.06. Among the 172 high-volume male diagnostic operators, there were 218 biological offspring, with 102 (46.8%) female offspring. Among the 59 high-volume male interventional operators, there were 70 biological offspring, with 32 (45.7%) female offspring. The calculated sex ratios for high-volume diagnostic and interventional operators were 1.14 and 1.19, respectively. P values were nonsignificant for all three groups.
DISCUSSION
In our study, the work-related radiation exposure of male invasive and interventional cardiologists was not associated with a statistically significant preponderance of female offspring. The sex ratio of all biological offspring of paternal subjects in this study, 1.06, is remarkably close to the observed sex ratio of 1.046 to 1.059 within the US population over the last 60 years (34) . Among high-volume male interventional operators, whose radiation exposure is higher, a reduction in the offspring sex ratio was also not observed.
The current literature is conflicting regarding the effect of ionizing radiation exposure on offspring sex ratio. In a questionnaire study of 586 male radiologists, Hama et al reported that radiation exposure among male radiologists was associated with a significantly higher proportion of female offspring: 51.5% vs 48.5% in the control group, with a relative risk of 1.13 (95% confidence interval [CI], 1.00-1.27). The same study found that high levels of radiation exposure, defined as one or more incidents of annual radiation exposure >10 mSv, among male radiologists were associated with an even higher proportion of female offspring (66%; P = 0.002; relative risk, 2.01) (14) . Zadeh and Briggs have demonstrated a nonsignificant increase in the female proportion (53%, P = 0.13) in the sex ratio among male orthopaedic surgeons exposed to ionizing radiation. However, their obstetric and gynecological counterparts who served as controls because of their limited exposure to ionizing radiation also had a significant increase in female offspring (52%, P = 0.05 and P = 0.01 if both groups were combined) (15) .
Outside the field of medicine, Irgens et al demonstrated that men in the smelter industry and wire-producing industry who were exposed to extremely low-frequency electromagnetic fields demonstrated a reduced sex ratio (3). Milham also confirmed a reduced sex ratio among the 139 offspring of carbon setters in Olympia, Washington, who were exposed to electromagnetic radiation; there was a 62% female preponderance (P = 0.0026) (4). Limited data have also shown reduced sex ratios in maternal subjects in the smelter and wire-producing industries (3) and among female physiotherapists (6) exposed to electromagnetic radiation.
In contrast, when the sex ratio of over 39,500 offspring of male nuclear industry workers in the UK was studied, 19,156 (48.5%) live births were female, corresponding to a sex ratio equal to that of the general population (odds ratio, 1.00; 95% CI, 0.98-1.02) (18) . Likewise, in the analysis of 413 offspring of 259 surveyed US naval submarine officers, 46.25% of the biological offspring were female. These results were not significantly different from the sex ratio of the US general population at the time (P = 0.29). Nonetheless, there was a nonsignificant trend towards lower sex ratios as time lived within the submarine community increased for these paternal subjects (19) . Lastly, in a study of male nuclear installation workers in northern England, the observed offspring sex ratio was 1.094 (95% CI, 1.060-1.128) vs 1.055 (95% CI, 1.046-1.063) in the control group. Furthermore, in the same study, among fathers with high radiation exposure, defined as >10 mSv of external radiation in the 90 days prior to conception, an even higher proportion of male offspring was observed (sex ratio, 1.396; 95% CI, 1.127-1.729) (20) .
The mechanisms that underlie these changes in offspring sex ratio due to environmental exposures are not clearly understood; however, several theories have been proposed. The hormonal hypothesis purports that certain exposures can affect paternal levels of testosterone and gonadotropins-hormones that are directly involved in human sex determination (16) . In contrast to human somatic cells, human spermatozoa have been shown to have a dose-dependent increase in structural chromosomal aberrations with chronic x-ray exposure (35) . Therefore, radiation- induced damage to the sex-determining gene SRY on the Y chromosome or selective injury of Y-chromosome-bearing spermatocytes may also increase the proportion of female offspring (17) . Lastly, ionizing radiation has also been shown to affect fertility in general by reducing sperm counts and altering sperm structure (36) . Limitations exist in this and other attempts to calculate a sex ratio based on an occupational hazard such as ionizing radiation. For numerous reasons, including varying operator technique, use of safety measures, and fluoroscopic and cineangiography technology, radiation exposure to primary operators in the cardiac catheterization laboratory is not uniform. Other confounding variables include age of paternal subjects at the time of conception and other undocumented paternal and maternal exposures. Lastly, the use of average number of annual cases as a surrogate for preconceptional radiation exposure is inexact. Existing studies suggest that the mean collar-level exposure per case for cardiologists performing both angiography and interventional procedures is 0.10 mSv per procedure (26) (27) (28) (29) (30) (31) . Assuming 300 cases per year, this would translate to an annual exposure of 30 mSv. Current recommendations for dose limits by the International Commission on Radiological Protection and the National Council on Radiation Protection mandate that whole-body exposure should not average >20 mSv per year and not exceed an annual limit of 50 mSv per year (37, 38 ). However, collar-level measurements overestimate the under-apron exposure, which is closer to the true "effective dose" of whole-body radiation received by fluoroscopic operators. One author has estimated that the mean annual effective dose for physicians performing angiography and intervention to be closer to 2.5 ± 2.6 mSv, with a maximum of 16.2 mSv (39). Interventional cardiologists, therefore, may not be exposed to the levels of ionizing radiation needed to affect their proportion of female offspring.
Further studies with more exact measurements of radiation exposure and uniform methods of estimating occupational risk to physicians are needed before making a definitive conclusion concerning the ability of ionizing radiation to affect the sex ratio of paternal subjects. While this study did not demonstrate a skewed offspring sex ratio among interventional cardiologists, ionizing radiation is still known to be a biological hazard. Cardiologists performing diagnostic angiography and interventional procedures should continue to practice strict safety measures and adhere to the safety guidelines recommended by their institutions and governing bodies.
